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The structural behavior of binary Cu50Zr50 and ternary Cu50Zr45Ti5 bulk metallic glasses (BMGs) under applied stress was inves-
tigated by means of in-situ high energy X-ray synchrotron diffraction. The components of the strain tensors were determined from 
the shifts of the maxima of the atomic pair correlation functions (PDF) in real space. The anisotropic atomic reorientation in the 
first-nearest-neighbor shell versus stress suggests structural rearrangements in short-range order. Within the plastic deformation 
range the overall strain of the metallic glass is equal to the yield strain. After unloading, the atomic structure returns to the 
stress-free state, and the short-range order is identical to that of the undeformed state. Plastic deformation, however, leads to lo-
calized shear bands whose contribution to the volume averaged diffraction pattern is too weak to be detected. A concordant region 
evidenced by the anisotropic component is activated to counterbalance the stress change due to the atomic bond reorientation in 
the first-nearest-neighbor shell. The size of the concordant region is an important factor dominating the yield strength and the 
plastic strain ability of the BMGs. 
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Bulk metallic glasses (BMGs) have attracted substantial 
interest for their superior mechanical properties [1–3]. 
However, when a BMG is subjected to a sufficiently large 
stress, it begins to yield and to some extend plastic flow 
may occur. During this plastic flow, the glass dissipates 
enormous amounts of energy without breaking. This toler-
ance of ductile deformation is a crucial requirement in many 
applications. In the absence of crystallographic defects, 
such as dislocations or grain boundaries, the fracture 
strength of metallic glasses has been reported to be close to 
the theoretical strength of ideal solids [4]. In the past ten 
years, many BMG systems such as Fe- [5], Co- [6], Ce- [7], 
and Ca-based BMGs [8] have been developed and the re-
ported strengths vary widely from 300 to 5000 MPa. The 
strength of a crystalline material is closely related to the 
Pierce stress, i.e. the intrinsic frictional stress for dislocation 
motion [9]. The fracture strength of BMGs is believed to be 
directly associated with the atomic bond because of the lack 
of crystallographic defects [1,3]. Thus, the strength of 
BMGs is expected to be closely related to the physical pa-
rameters determined by the atomic cohesive energy, such as 
glass transition temperatures, Tg, elastic modulus, and ther-
mal expansion coefficients. Understanding of the material 
parameters governing the strength of the amorphous struc-
ture is, therefore, of fundamental importance to the future 
design of BMGs with desired mechanical properties.  
In the deformation process of BMGs, the yield strength 
of the material depends on the elastic deformation stage. In 
particular, the atomic structural evolution during elastic 
deformation can seriously affect the yield strength of mate-
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rials [1]. However, little attendant structural change resulted 
from elastic deformation and the transient nature of elastic 
deformation prohibit the operation of structural analysis on 
the atomic scale in elastic deformation. Since the diffraction 
technique can measure the lattice plane spacing altered by 
elastic strain according to Bragg’s law, in-situ deformation 
observed by high energy X-ray diffraction (XRD) provides 
an effective method for strain scanning on atomic scale me-
tallic glasses [10]. In this paper, we chose the Cu-Zr binary 
BMG family as model materials to explore the correlation 
between atomic structural evolution driven by stress and 
macroscopic mechanical properties. This family of BMG 
has relative simple chemical constitution, which allows us 
to determine the bond relations, and to correlate them with 
mechanical properties. By means of in-situ high energy 
synchrotron X-ray diffraction under compression we were 
able to follow the atomic reorientation during the elastic and 
plastic deformation processes. 
1  Experimental procedures 
Alloy ingots with nominal composition of Cu50Zr50 and 
Cu50Zr45Ti5 (at.%) were prepared by arc melting a mixture 
of pure metal elements in a Ti-gettered argon atmosphere, 
followed by suction casting into a copper mold to form 
BMG rod samples, diameter 1 mm and length 20 mm. 
Compression test samples, 2 mm long, were cut from these 
BMG rods with a diamond saw and both ends of the sam-
ples were carefully polished to be parallel. The compression 
tests were carried out on an Instron 8562 type machine at a 
strain rate of 5 × 10−4 s−1. The elastic parameters, i.e. elastic 
modulus, shear modulus, bulk modulus and Poisson’s ratio, 
were measured by the ultrasonic technique, which was per-
formed with an Olympus Panametrics NDT 5900PR ultra-
sonic testing device. The surface morphology of the sam-
ples after deformation was observed using a HITACHI 
TM-1000 scanning electron microscope (SEM). 
The samples were compressed using a straining system 
(Kammrath and Weiss GmbH) with a maximum load of 5 
kN and observed in-situ by the X-ray beam at HASYLAB 
BW5 beamline (at DESY Hamburg, Germany). The applied 
load was firstly increased to 1200 N in steps of 200 N and 
then further increased to the fracture load in smaller steps of 
100 N or 50 N. The layout of the experimental setup is well 
illustrated in the schematics of [11]. The strained samples 
were exposed for 30 s to the well collimated incident beam 
with cross section of 0.5 mm × 0.5 mm. Two dimensional 
XRD patterns (2300 pixel × 2300 pixel, 150 mm × 150 mm 
pixel size) were collected using a MAR 345 2D image plate 
detector carefully mounted orthogonal to the X-ray beam. 
An X-ray beam with a wave length, λ, of 0.1132 Å was used 
to register intensity up to a large value (~16.5 Å1) of the 
scattering vector, Q, (Q = 4sinθ/λ). The distance between 
the 2D detector and the sample was adjusted to 471.75 mm. 
The diffraction pattern from LaB6 was used to calibrate the 
sample to detector distance and tilting of the image plate 
detector with respect to the beam axis.  
2  Results 
Compression nominal stress-strain curves for two BMGs 
are shown in Figure 1. The values of Young’s modulus and 
yield strength of the BMGs are listed in Table 1. Compres-
sion tests for every specimen were repeated three times to 
exclude exceptional cases. Both the Cu50Zr50 and 
Cu50Zr45Ti5 BMGs exhibit significant plasticity after elastic 
deformation. Other elastic parameters, such as shear modu-
lus (not given), Poisson’s ratio and shear wave speed, were 
obtained by using ultrasonic measurements and are also 
listed in Table 1. 
The stress-displacement curves for in-situ compression 
using the loading cell fixed in the synchrotron beamline are 
shown in Figure 2(a), (d). The dark points in these curves 
represent the strain states at which diffraction patterns were 
recorded. It is apparent that the structure of the BMGs sub-
jected to the plastic strain could be measured by X-ray dif-
fraction. For the Cu50Zr45Ti5 BMG, after plastic deformation 
and before fracture, the sample was unloaded to 70 MPa to 
explore the reversible/irreversible nature of the atomic 
structure evolution. The diffuse diffraction patterns of the 
BMGs indicate their glassy nature (see insets in Figure 2(a) 
and (d)). Driven by compressive stress, the diffraction rings 
become elliptical, i.e. the maxima positions move further 
apart in the loading direction and closer together in the  
 
 
Figure 1  Nominal compressive stress-strain curves for BMGs.  
Table 1  Macroscopic mechanical properties of BMGs measured by ul-










Cu50Zr50 85±8 1563±26 2076±10 0.378 
Cu50Zr45Ti5 85±7 1540±24 2012±8  0.380 
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Figure 2  (a) In-situ compression stress-displacement curve and diffraction pattern without stress for Cu50Zr50 BMG. (b) Direction dependence of the strain 
values (,) for the Cu50Zr50 BMG. (c) Strain versus stress of the Cu50Zr50 BMG. Strain values measured from the fit of eq. (1). (d) In-situ compression 
stress-displacement curve and the diffraction pattern without stress for the Cu50Zr45Ti5 BMG. (e) Direction dependence of the strain values (,) for the 
Cu50Zr45Ti5 BMG. (f) Strain versus stress of the Cu50Zr45Ti5 BMG. Strain values measured from the fit of eq. (1). 
transverse direction [12]. The direction dependence of the 
diffracted intensities is then characterized with respect to 
polar coordinates, I(Q,). Using the FIT2D program [13], 
the diffraction patterns were partitioned into 36 segments. 
For each I(Q,), the relative shift of the first peak position, 
q1(,), upon the compressive stress was determined with 
respect to the unloaded case. The strain values can then be 
determined by (,)=[q1(0,)q1(,)]/q1(,). The strain 
values, (,) as a function of the direction of  at different 
stresses are shown in Figure 2(b) and (e). The angular de-
pendence of the curves reflects the symmetry of the uniaxial 
stress state. From the measured angular variation of the 
strain the components of the strain tensor, 11, 22 and 12, 
were extracted by a least squares fit of (,) = 
11sin2+12sincos+22cos2. Figure 2(c) and (f) show the 
calculated values of the loading component, 11, transverse 
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component, 22, and in-plane shear component, 12. Linear 
behavior of the strain with stress is observed up to the yield 
strength. The shear strain remains almost constant even in 
the plastic strain regime. The elastic moduli of the Cu50Zr50 
and Cu50Zr45Ti5 BMGs measured from the 11 values are 93 
± 2 GPa and 94±2 GPa, respectively (Figure 2(c) and (f)), 
which are consistent with those measured in the macro-
scopic compression tests. The Poisson’s ratios deduced 
from the strain values, i.e. 22/11, are 0.373±0.006 (Cu50Zr50) 
and 0.389±0.005 (Cu50Zr45Ti5), respectively, which are al-
most the same as those measured using ultrasonic detection 
(Table 1). 
The intensity curves integrated over sectors at  = 5°– 
+5° and 85°–95° were used to represent the structural be-
haviors in the loading direction and transverse direction, 
respectively. The intensity curves were then converted into 
structure factors, S(Q), using standard procedures [14]. The 
Fourier transform of S(Q) gives the atomic pair correlation 
function (PDF), (r), i.e. atomic structure information in 
real space. The PDFs for two BMGs are shown in Figure 
3(a). The inset of Figure 3(a) is a detailed view of the first 
maxima. Besides shifting in the peak positions, doping with  
 
 
Figure 3  Atomic structural evolution in real space. (a) The PDFs of two BMGs without stress. Inset shows a comparison of the first maxima from Cu50Zr50 
and Cu50Zr45Ti5 BMGs. (b) Deconvolution of the first nearest-neighbor shell into two Gaussians for the Cu50Zr50 BMG without stress. (c) Strain values ver-
sus displacement of the Cu50Zr50 BMG measured from the first maximum in the PDF. (d) Strain values versus displacement of the Cu50Zr45Ti5 BMG meas-
ured from the first maximum in the PDF. (e) Coordination numbers versus displacement of the Cu50Zr50 BMG. (f) Coordination numbers versus displace-
ment of the Cu50Zr45Ti5 BMG. 
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Ti slightly changes the first-nearest-neighbor shell (see the 
inset of Figure 3(a)). The first maxima in the PDFs for the 
two BMGs are composed of two sub-peaks with positions ri 
at around 2.70 and 3.30 Å, respectively (see the inset of 
Figure 3(a)). For the Cu50Zr50 BMG, sub-peak I represents 
overlapping of Zr-Cu and Cu-Cu pairs, and sub-peak II is 
assigned to the Zr-Zr pair [11]. Doping with Ti brings addi-
tional contributions from Ti-Ti, Cu-Ti and Zr-Ti pairs with 
theoretical bond lengths of 2.92 Å, 2.74 Å and 3.06 Å, re-
spectively, into the PDF for the Cu50Zr45Ti5 BMG. However, 
the Cu-(Zr,Cu) and Zr-Zr pairs are the main atomic pairs in 
both BMGs. The contribution of the other atomic pairs can 
be neglected because of their lower weighting factors which 
were calculated for Q = 0 Å1 (Table 2).  
Driven by stress, all of the maxima in the PDFs, corre-
sponding to different atomic shells, shift toward smaller r 
value in the loading direction and toward larger r value in 
the transverse direction [15]. The strain values measured 
from the shifts in position of the first maxima are plotted in 
Figure 3(b) and (c). To compare, the stress-displacement 
curves are also incorporated into Figure 3(b) and (c). All of 
the maximum strain limitations of two BMGs in the loading 
direction are less than 0.010 which is almost half the value 
measured from the reciprocal space data as shown in Figure 
2, suggesting a small peak shift in the first-nearest-neighbor 
shell [11]. After yielding, the strain value in the first-  
nearest-neighbor shell does not significantly change with 
further increase in macroscopic strain. When the stress is 
unloaded to around 70 MPa after plastic strain, the strain 
value in the first-nearest-neighbor shell of the Cu50Zr45Ti5 
BMG returns to approximately zero (Figure 3(c)).  
The integrations over the two sub-peaks of the first 
maximum of the radial distribution function (RDF),     
4r 2(r), through Gaussian fitting (Figure 3(d), are related 
to the atomic nearest-neighbor numbers [11], which are 
shown in Figure 3(e) and (f). In the loading direction and 
the elastic deformation regime, the coordination numbers in 
sub-peak I of both BMGs increase and those in sub-peak II 
decrease. The opposite behavior happens in the transverse 
direction. After yielding, the coordination numbers exhibit 
slight fluctuations in the plastic region. Unloading to 70 MPa 
stress for the Cu50Zr45Ti5 BMG results in the coordination 
Table 2  Six possible nearest-neighbor atomic pairs in the two BMGs and 
their theoretical bond lengths, 0 ,ijR and weighting factors at Q = 0 Å 
Atomic pair 0ijR (Å) 
Weighting factors of 
Cu50Zr50 
Weighting factors of 
Cu50Zr45Ti5 
Cu-Cu 2.70 0.177 0.186 
Cu-Zr 2.90 0.487 0.462 
Cu-Ti 2.75  0.028 
Zr-Zr 3.10 0.336 0.287 
Zr-Ti 2.95  0.036 
Ti-Ti 2.80  0.001 
numbers reversibly changing to the values previously ob-
tained for the state without stress (Figure 3(c)). The total 
coordination numbers of Cu-(Zr,Cu) atomic pairs in the 
loading direction and the transverse direction for both 
BMGs, i.e. ( loadingCu-(Zr,Cu)N +
transverse
Cu-(Zr,Cu)N )/2, remain constant 
(5.77 ± 0.07 (Cu50Zr50) and 5.85 ± 0.08 (Cu50Zr45Ti5)) de-
spite applied stress. The numbers of Zr-Zr atomic pairs, i.e. 
( loadingZr-ZrN +
transverse
Zr-ZrN )/2, also remain constant at 6.78 ± 
0.08 (Cu50Zr50) and 7.00 ± 0.09 (Cu50Zr45Ti5).  
Since the stress can result in an anisotropic structure [11], 
the PDF also becomes directionally dependent, which can 
be expressed by expansion into spherical harmonics [11,12] 
for the case of uniaxial symmetry this expansion is the Le-
gendre polynominal expansion. As such, the PDF is com-
posed of an isotropic component [ρ0(Q)] and an anisotropic 
component [ρn(r)], which are expressed as [11]: 
      0 02 sin1 d2π
Qr
r S Q Q Q
r
   ,  (1) 
       22 2 221 45 d16π2πr S Q J Qr Q Q   , (2) 
with          2 3 2
3 1 3
sin cosJ Qr Qr Qr
QrQr Qr
      
.  
Figure 4(a) and (b) compares the calculated isotropic and 
anisotropic components of the PDFs of two BMGs from the 
stressless state to the maximum stress. These curves suggest 
that the difference in the curves of 0(r) at different stresses 
exhibits a small change of approximately 1% at the first 
maximum, which can be explained by atomic rearrangement 
in the short-range under stress [15]. The amplitudes of the 
maxima in 2(r) increase gradually with stress, indicating 
that anisotropy of the structure is apparent up to about 16 Å. 
After yielding, the curves of 2(r) in plastic strain are al-
most identical (Figure 4(a) and (b)). Unloading the stress 
from the maximum value (1800 MPa) to 70 MPa for the 
Cu50Zr45Ti5 BMG can reduce the amplitude of the maxima 
2(r), as clearly evidenced in Figure 4(c) which shows en-
largements of the first maxima of 2(r) at different stresses. 
To characterize the structural behavior in the plastic strain 
regime, we further observe the sample surface of the BMGs. 
Figure 5(a) shows the fractured Cu50Zr50 BMG. Some shear 
bands are present on the sample surface (see inset of Figure 
5(a)). Figure 5(b) gives the morphology of the unloaded 
Cu50Zr45Ti5 BMG. The inset of Figure 5(b) also shows shear 
bands appearing on the surface of this sample.  
3  Discussion 
The structural information from real space of the Cu50Zr45Ti5  
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Figure 4  Isotropic component, 0(r), and anisotropic component, 2(r), 
of the pair correlation function at different stresses. (a) Cu50Zr50 BMG; (b) 
Cu50Zr45Ti5 BMG; (c) enlarged anisotropic component, 2(r), of the pair 
correlation function of the Cu50Zr45Ti5 BMG at different stresses. 
BMG suggests that even when subjected to a large plastic 
strain, the atomic anisotropic state observed by the diffrac-
tion technique transformed reversibly back to the isotropic 
state (cf. Figure 4) after unloading. The coordination num-
bers (cf. Figure 3(f)), and the strain limitations measured 
from the first-nearest-neighbor shell (cf. Figure 3(c)) and 
the intensity curves returning to the original state after un-
loading provide solid evidence. Although the plastic strain 
behavior introduces a lot of shear bands into the glassy 
phase, shear strain cannot be observed by our diffraction 
technique during the plastic strain regime, probably because 
the volume fraction of the shear bands is too small to give a 
measurable contribution in the diffraction pattern.  
Considering the local atomic environment of the glassy  
 
Figure 5  Morphologies of the BMGs subjected to plastic strain. (a) The 
surface morphology of the Cu50Zr50 BMG. Inset enlarged to show shear 
bands. (b) The surface morphology of the Cu50Zr45Ti5 BMG. Inset enlarged 
to show shear bands. The arrows indicate a shear avalanche, which signifi-
cantly changes the geometry of the BMG. 
materials upon loading, a smaller peak shift occurs in the 
first-nearest-neighbor shell as compared to the peak shifts in 
the medium-range (cf. Figures 2 and 3). The anisotropic 
component of the PDFs (Figure 4) and the coordination 
number calculations suggest that the structural anisotropy 
occurs because of elastic loading, which is attributed to 
atomic rearrangements taking place in some topologically 
unstable regions [16]. A bond reorientation model was de-
duced to describe this structural anisotropic evolution in 
glassy materials [11,17]. Our calculations of coordination 
numbers in the first-nearest-neighbor shell suggest that the 
number of Cu-(Zr,Cu) pairs increases along the loading 
direction and the number of Zr-Zr pairs increases along the 
transverse direction (cf. Figure 3(e) and (f)). According to 
this, Figure 6 schematically shows the atomic rearrange-
ment resulting in a directional alteration in the first-nearest- 
neighbor shell upon elastic loading. Calculations in Figure 
3(e) and (f) suggest that the coordination numbers in the  
 
 
Figure 6  Schematic representations of local bond reorientation resulting 
in a change in the coordination numbers of the first-nearest-neighbor shell 
and the atoms concordantly shifting because of the bond reorientation in 
the first-nearest-neighbor shell.  
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plastic strain regime do not remain constant. Two reasons 
result in the fluctuation of the coordination numbers. One is 
the force fluctuation due to the serrated flow during plastic 
strain (cf. Figure 1). Another is the influence of geometrical  
changes of the BMGs, resulting from the shear band ava-
lanche, as shown in Figure 5, on the diffraction patterns. 
This geometry change can also shift the diffraction center of 
the samples, leading to fluctuation of the coordination 
numbers in the plastic strain regime. 
The bond reorientation in the first-nearest-neighbor shell 
is actually a localized relaxation process reducing the local 
stress and energy to satisfy the externally applied stress [18]. 
To counterbalance this reduction in the local stress and en-
ergy, other atoms surrounding the first-nearest-neighbor 
shell will support more stress. As such, this stress increment 
applied on the surrounding atoms will drive these atoms, 
within radius d, to shift concordantly as shown in Figure 6 
[19]. This effect can be considered as a region of concord-
ant relaxation driven by the external stress. This relaxation 
region can store the elastic energy until yielding. Therefore, 
the number of atoms within radius d is an important factor 
dominating the macroscopic mechanical properties. 
The stress increment, ∆p, resulting from the bond reori-









   , (3) 
where  is the mass density, d0 is on the order of the size of 
the first neighbor shell and ∆p0 is the stress increment at the 
position d0/2. This stress increment significantly increases 
the activation energy of the concordant region, i.e. e = e0+ 
Vp, where e is the activation energy of concordant region, 
e0 is the high-temperature activation barrier and V is the 
volume of concordant region [21]. The d value in Figure 6 
can be calculated by d = Vs, where Vs is the shear wave 
speed and τ is the relaxation time which depends on the 
temperature [21]. In the present study, the τ value is a con-
stant (approximately 1012 s [19]) since the experiments 
were carried out at room temperature. The d values for the 
Cu50Zr50 and Cu50Zr45Ti5 BMGs are calculated to be ap-
proximately 20 Å which is consistent with the range (~16 Å) 
of the visible anisotropic component in 2(r) (cf. Figure 4). 
According to the shear wave speeds and the density val-
ues listed in Table 1, the V value of the Cu50Zr45Ti5 BMG is 
3% smaller than that of the Cu50Zr50 BMG. As such, the 
activation energy of the concordant region, e, for 
Cu50Zr45Ti5 is smaller than that for the Cu50Zr50 BMG. 
Therefore, a larger elastic energy for the operation of plastic 
flow in the Cu50Zr50 BMG is required as compared with that 
in the Cu50Zr45Ti5 BMG, resulting in a higher yield strength 
for the Cu50Zr50 BMG. The concordant shifting of the atoms 
in the concordant region at the yield stress possibly forms a 
so-called shear transformation zone (STZ). The larger con-
cordant region in the Cu50Zr50 BMG corresponds to a larger 
effective STZ compared to that in the Cu50Zr45Ti5 BMG 
[22]. Since the maximum elastic strain required for the for-
mation of a shear band nucleus in BMGs is that which can 
initiate a local collective motion of STZs [23], a larger STZ 
volume enables fewer STZs to be activated for the nuclea-
tion of a shear band. Therefore, a large concordant region 
can reduce the shear deformation ability of BMGs, which is 
consistent with our compression tests (cf. Figure 1). Then, 
the plastic strain ability of the Cu50Zr45Ti5 BMG is higher 
than that of the Cu50Zr50 BMG. 
4  Conclusion 
In summary, through in-situ compression tests performed in 
a high energy X-ray synchrotron radiation beam, the atomic 
structural evolution of Cu50Zr50 and Cu50Zr45Ti5 BMGs was 
investigated. The conclusions are: 
(1) Under stress, changes in short-range order of the 
glass occur even during elastic deformation, i.e., the number 
densities of Cu-(Zr,Cu) and Zr-Zr nearest-neighbor atomic 
pairs become oriented relative to the loading direction.  
(2) The local deformation in shear bands cannot be seen 
in the volume averaged PDFs. After unloading, even after 
plastic deformation, the PDFs are identical within the error 
limits to those for the as-cast state, which suggests that this 
anisotropic rearrangement of atoms under stress is a re-
versible process.  
(3) In addition to the atomic bond reorientation in first 
nearest-neighbor shell, a concordant shift of atoms at me-
dium-range distances occurs with stress, which can domi-
nate the strength of the BMGs. A larger concordant region 
suggests the operation of a larger STZ, leading to smaller 
yield strength in the Cu50Zr45Ti5 BMG.  
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